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Fgfhmx2 (nkx5.2) and hmx3 (nkx5.1) are highly conserved homeobox transcription factors required for mouse
inner ear development. We have identiﬁed four hmx genes that are expressed in developing
mechanosensory organs in zebraﬁsh. Knockdown of both hmx2 and hmx3 disrupts formation of the
mechanosensory neuromasts and also leads to impaired vestibular function in which utricular maculae fail to
develop and the utricular otolith gradually fuses with the saccular otolith. We demonstrate that pax5, known
to be required for development of the utricular maculae, is expressed downstream of hmx2 and hmx3. In
addition, we show that FGF signaling regulates expression of hmx2 and hmx3 in the otic vesicle, and
conversely, hmx2 and hmx3 maintain the expression of fgf ligands, thus revealing a novel tissue-speciﬁc
feedback mechanism. Our data suggest that hmx2 and hmx3 act as cell autonomous factors required
redundantly for cell fate speciﬁcation and differentiation during inner ear and lateral line development.chool of Biomedical Science,
ll rights reserved.© 2009 Elsevier Inc. All rights reserved.Introduction
The vertebrate inner ear is a conserved mechanosensory system
mediating both vestibular and auditory functions (Fritzsch and Beisel,
2001; Fritzsch et al., 2006). It consists of interconnected membranous
chambers with sensory patches of hair cells and support cells. Aquatic
vertebrates such as ﬁsh and frog have additional mechanosensory
organs, the lateral line neuromasts, which respond to changes in the
motion of water and are involved in a variety of behaviors including
prey detection, predator avoidance, and school swimming (Ghysen
and Dambly-Chaudiere, 2004; Winklbauer and Hausen, 1983).
In zebraﬁsh, both the inner ear and lateral line sensory organs are
derived from cranial placodes at the hindbrain level as a local
thickening of the ectoderm at early somite stages (Baker and Bronner-
Fraser, 2001). FGF signaling from the hindbrain is important for
induction of the otic placode (Leger and Brand, 2002; Maroon et al.,
2002), which then cavitates to form a simple epithelial structure, the
otic vesicle (OV). At early stages, the OV contains two sensory patches
of the utricular (anterior) and saccular (posterior) maculae (Whitﬁeld
et al., 2002), which are innervated by the statoacoustic ganglion (SAg)
formed by neuroblasts that delaminate from the antero-ventral region
of the otic vesicle (Haddon and Lewis, 1996). Two lateral line placodes
form anterior and posterior to the otic placode. The anterior lateral
line placode elongates to form a primordium that gives rise to
neuromasts in the head, and the posterior placode delaminates to give
rise to both the ganglia and migrating primordium (Dambly-Chaudiere et al., 2003; Metcalfe, 1985). The posterior lateral line
primordiummigrates along a speciﬁc route and deposits small groups
of cells that later give rise to mature neuromast organs along the
trunk.
The hmx homeobox-containing transcription factor gene family is
highly conserved across species (Adamska et al., 2001b; Jiang et al.,
2005; Kiernan et al., 1997;Martinez and Davidson, 1997; Stadler et al.,
1995; Wang and Lufkin, 2005). It contains four paralogous genes—
hmx1 (Nkx5.3), hmx2 (Nkx5.2), hmx3 (Nkx5.1), and SOHo (Nkx5.4)
derived from a common ancestral gene (Adamska et al., 2001b). The
expression patterns of hmx genes across phyla suggest an ancestral
function in the development of the central nervous system and an
acquired function in vertebrate sensory organ development (Wang
and Lufkin, 2005). Single and double gene knockout studies of Hmx2
and Hmx3 in mouse have revealed a redundant function in the
development of inner ear vestibular structures (Hadrys et al., 1998;
Wang et al., 2001; Wang et al., 2004; Wang and Lufkin, 2005; Wang
et al., 1998).
hmx2 (Olnkx5-2) and hmx3 (Olnkx5-1.1) in medaka and hmx3
(nkx5.1) in zebraﬁsh are expressed in both the otic vesicle and lateral
line primordium (Adamska et al., 2000; Adamska et al., 2001b).
However, there have been no functional studies of these genes in ﬁsh.
Here we report the identiﬁcation of four hmx genes in zebraﬁsh and
the functional requirement for hmx2 and hmx3 in mechanosensory
organ development. Gene knockdown, mosaic analysis, and cell
autonomy experiments demonstrate that Hmx2 and Hmx3 play
essential roles during formation of the utricular maculae and lateral
line primordium. We show that the localized expression of hmx2 and
hmx3 in the anterior otic vesicle is induced by FGF signaling and, in
turn, their expression in this tissue is required to maintain the
expression of fgf3, fgf8, and fgf10. In addition, we identify the
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in hair cell development in the utricular maculae.
Materials and methods
Strains and developmental conditions
We used wild-type zebraﬁsh (Danio rerio) of the London/AB line
(Eugene, Oregon) and the transgenic CldnB::lynGFP strain kindly
provided by Dr. Gilmour (Haas and Gilmour, 2006). Embryos were
collected by natural spawning and staged according to standard
protocols at 28.5 °C (Westerﬁeld, 2007). To prevent pigment
formation, embryos older than 28 hpf (hours post-fertilization)
were treated with 0.003% 1-phenyl-2-thiourea (PTU).
Microinjection of RNA and morpholino
Twenty-ﬁve-mer morpholinos (MOs; Gene Tools, LLC Philomath,
Oregon) were designed to target either the ATG translation start site
or the ﬁrst splice donor binding site for both hmx2 and hmx3.
Standard control MO and p53 MO obtained from Gene Tools were
used. Four nanograms of MO for single knockdown or 2 ng of eachMO
for double knockdown was injected into 1–2 cell stage zebraﬁsh
embryos.
hmx2 splice block (Hmx2MO1): CACCTGCAACCAATGCGACACACAA
hmx2 translationblock(Hmx2MO2):ATCAGCAATAAGTCCCGCTACACAT
hmx3 splice block (Hmx3MO1): TCTGTGCTGCTACAGTAATAGAGGC
hmx3 translationblock(Hmx3MO2):CATGTTGGCTTGATATTCGGGTTTA
A combination of Hmx2MO1 and Hmx3MO2 was used in most of
the experiments.
Full-length cDNAs encoding zebraﬁsh hmx2 or hmx3 in pCS2
vector were used as template for synthesis of capped RNA by in vitro
transcription using mMACHINE kit (Ambion, Austin, TX). For mosaic
injection experiments, hmx2/hmx3 morpholinos were injected at the
1-cell stage and then 1 ng of hmx2 or hmx3 capped RNA together with
1 ng of H2BRFP RNA was injected into one cell at the 16- to 32-cell
stages to achieve mosaic expression. As control, H2BRFP RNA alone
was injected. Tg(CldnB::lynGFP ) embryos were used to visualize the
posterior lateral line primordium. Injected embryos were either
subjected to live observation at 24 hpf to assess the primordium or
stained at 3dpf with 1 mM DASPEI (2-(4-dimethyl-aminostyryl)-N-
ethyl pyridinium iodide, Sigma) to visualize the neuromasts.
Whole-mount in situ hybridization and immunohistochemistry
Digoxigenin- or ﬂuorescein-UTP-labeled RNA probes were synthe-
sized according to the manufacturer's instructions (Roche, Boehringer
Mannheim) from the following cDNA templates: hmx2, hmx3, SOHo,
hmx1 in pTOPO-CRII vector (Invitrogen, California); fgf3, fgf8, fgf10
(from D. Wilkinson); eya1, pax5, smadI (from T. Whitﬁeld). Whole-
mount in situ hybridization was carried out at 70 °C as described
(Thisse et al., 2004). For immunostaining, embryos were ﬁxed in 4%
PFA in PBS and blocked in 5% goat serum/PBT (0.1% Triton X-100/PBS)
(Westerﬁeld, 2007). The following antibodies were used: anti-HNK1
(Sigma); anti-Hu (Invitrogen); anti-S100 (DAKO); anti-acetylated
tubulin (Sigma); anti-phospho-histone 3 (Anti-PH3) (Clone MC463,
Upstate); anti-BrdU (G3G4s, Hybridoma Bank); anti-cleaved caspase 3
(Cell Signaling); HRP-conjugated anti-IgM (Jackson ImmunoRe-
search); AP-conjugated anti-DIG and anti-ﬂuorescein antibodies
(Roche). Fluorescence double in situ hybridizations were performed
as described (Welten et al., 2006) following the manufacturer's
instruction (Perkin Elmer). For triple labeling with double ﬂuorescent
in situ hybridized embryos, mouse anti-HNK1 or anti-Hu antibodywas
added and developed using Cy5-Tyramide (Perkin Elmer).Staining for hair cells and neuromasts and ﬂuorescent ﬁlling of the otic
vesicle lumen
Fixed embryos were stained with rhodamine–phalloidin to
visualize F-actin as described (Haddon and Lewis, 1996; Hammond
and Whitﬁeld, 2006). Twenty-four to thirty hours post-fertilization
embryos were permeabilized in 1% Triton X-100/PBS at 4 °C
overnight, and older embryos were permeablized in 2% Triton/PBS
at 4 °C for 48 h. Embryos were then incubated with rhodamine–
phalloidin (Molecular Probes R415) (1:100 dilution) in 1% goat
serum/PBT for 2 h at room temperature or 4 °C overnight and washed
four times in 0.5% Triton/PBS for 30min each. Embryosweremounted
in 75% glycerol to display both otic vesicles in a lateral view.
DASPEI staining was performed as described (Whitﬁeld et al.,
1996) and visualized using a Leica MZFLIII microscope to count the
number of neuromasts. The neuromasts were revealed by staining for
the endogenous alkaline phosphatase (AP) activity. Embryos were
ﬁxed for 20 min in 4% PFA and stained for AP using NBT/BCIP (Roche).
Fluorescent dye ﬁlling was performed as described (Hammond
and Whitﬁeld, 2006). In brief, anesthetized embryos at 4dpf (days
post fertilization) were injected with lysinated ﬂuorescein dextran
(LFD, 10kD, Molecular Probes) at 1 mg/ml into the lumen of the ear
and imaged within 5 min of injection.
BrdU incorporation and SU5402 treatment
BrdU incorporation was performed as described (Laguerre et al.,
2005). Dechorionated embryos at 6 hpf were incubated for 2 h in a
solution of 10 mM BrdU (Sigma) dissolved in 15% DMSO in agarose-
coated dishes, washed several times to remove any unincorporated
BrdU, and ﬁxed at the 20-somite stage or 24 hpf for immunostaining
with anti-BrdU antibody.
SU5402 treatment was carried out as described (Leger and Brand,
2002). Brieﬂy, SU5402 (Calbiochem)was dissolved in DMSO and used
at 10 μM in embryo water. Control embryos were treated with 5%
DMSO only. For inhibition at otic placode stages, embryos were
treated from 14 hpf for 7 h and ﬁxed at 21 hpf; for inhibition at otic
vesicle stages, embryos were treated from 24 somites to 44 hpf. For
timed treatment SU5402 is used at 8 μM.
Cell transplantation
Transplantation experiments were performed as described (Wes-
terﬁeld, 2007). Control donor embryos were injected with 5 mg/ml
LFD into the yolk at the 1-cell stage. Morphant donor embryos were
injected with a mixture of hmx2/hmx3morpholinos and LFD. Twenty
to thirty cells were transplanted between the high and oblong stages
(3.5 hpf) and targeted to a position at a 40-degree angle towards the
dorsal pole to target the prospective otic and lateral line placode
(Whitﬁeld et al., 2002). Transplanted embryos were analyzed at
24 hpf by whole-mount in situ hybridization using hmx3. LFD
containing donor cells were detected by AP-conjugated anti-ﬂuores-
cein antibody and developed with Fast Red substrate (Roche).
Microscopy and image analysis
Fluorescent images were obtained using a Leica TCS-NT confocal
microscope attached to a Leica DM RBE microscope or a Leica SP5-
AOBS confocal microscope attached to a Leica DM I6000 microscope.
Confocal images were processed using ImageJ (NIH). Bright ﬁeld
images were obtained using a Zeiss Axiophot microscope.
Behavior assays
Vestibular function was assayed by balance test and motor
coordination between 3 and 6 dpf as described (Kwak et al., 2006;
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larvae to rest with their dorsal sides up 1 min after initiating a startle
response by tapping the dishes containing larvae. Motor coordination
was assessed by observing the startle response of individual larvae.
Normally, larvae rapidly swim in a straight line, while larvae with
vestibular dysfunction swim in circles, vertical loops, spirals, or erratic
zigzags. Control and hmx2/hmx3 morphant embryos were subjected
to both tests. At least 100 embryos were scored in each group at each
time point. Embryos that failed at three sequential tests were scored
as failure and results were presented as the percentage of the embryos
that pass the test.
Results
Expression of hmx genes in mechanosensory organs during
zebraﬁsh development
Sequence database analysis revealed that the zebraﬁsh genome
contains four hmx genes, each representing one paralogous group:Fig. 1. Expression of hmx genes during development of the zebraﬁsh otic vesicle. RNA tra
orientation are indicated, with the plane of transverse sections (A′–D′ and A″, B″) shown in
anterior otic vesicle and in the cells anterior to the otic vesicle (arrows). SOHo (C, F, I, L, O)
ganglion (white arrowheads). Expression of all three hmx genes is restricted to the area o
Abbreviations: A, anterior; P, posterior; M, medial; L, lateral; D, dorsal; V, ventral.hmx1, hmx2, hmx3, and SOHo (Supplemental Fig. 1). Previous studies
have shown that hmx3 (Nkx5.1) is expressed in the anterior region of
the otic vesicle and in the lateral line primordium (Adamska et al.,
2000; Adamska et al., 2001b). We further determined the develop-
mental expression pattern of all four hmx genes in zebraﬁsh by
whole-mount in situ hybridization. The onset of hmx3 expression in
the otic vesicle and lateral line primordium commences at the 5-
somite stage (11.5 hpf) and hmx2 expression in the same tissues is
ﬁrst detected at the 10-somite stage (14 hpf) (Supplemental Fig. 2).
From then on, both genes have the same expression domains in the
developing lateral line and otic vesicle. Expression of hmx2 and hmx3
becomes restricted to the antero-ventral region of the otic vesicle and
later in a group of cells adjacent to the anterior otic vesicle (Fig. 1A, B,
D, E, G, H, J, K). This group of cells appears to be emerging from the
ventral ﬂoor of the otic vesicle (Fig. 1A′–D′). hmx2 and hmx3
expression occurs in both the anterior and posterior lateral line
primordia and maintained throughout their development (Supple-
mental Fig. 2). Zebraﬁsh SOHo and hmx1 show almost identical
expression domains, with a lower level of hmx1 transcripts (data notnscripts were detected using whole mount in situ hybridization. Probes, stages, and
panels G and I. Both hmx2 (A, D, G, J, M) and hmx3 (B, E, H, K, N) are expressed in the
is expressed in the postero-ventral part of the otic vesicle and the anterior lateral line
f semicircular canals at later stages. Scale bars: (A–O) 50 μm, (A′–D′, A″, B″) 25 μm.
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sensory ganglion adjacent to the otic placode (Fig. 1C, Fig. S2 F, J).
These genes are not expressed in the lateral line primordia. Later, the
transcripts of both hmx1 and SOHo are up-regulated in the dorsal
lateral domain of the otic vesicle (Fig. 1F, I, A″, B″). Expression in the
sensory ganglion is maintained (Fig. 1F, I, L, O; Fig. S2 N). It is
noteworthy that prior to 44 hpf, hmx2 and hmx3 expression in the
antero-ventral region (Fig. 1A, B, D, E, G, H, J, K) is complementary to
SOHo/hmx1 expression in the posterior–dorsal and ventral domain of
the otic vesicle (Fig. 1C, F, I, L, A′–D′, A″, B″). The expression domains
of hmx2/hmx3 and SOHo/hmx1 appear to overlap in the semicircular
canals after 44 hpf (Fig. 1M–O).
Fused otoliths and severe vestibular defects in hmx2/hmx3 morphants
To study the function of hmx2 and hmx3 in sensory organ
development, we designed antisense morpholino oligonucleotides
(Ekker, 2004; Pickart et al., 2004) to block hmx2 and hmx3 activity.
We obtained similar phenotypes with translation blocking or splice
blocking morpholinos for both hmx2 and hmx3. The efﬁciency of
splice blocking morpholinos was evaluated by RT-PCR and revealed a
signiﬁcant reduction of the transcripts for both hmx2 and hmx3 genes
(Supplemental Fig. 3). The speciﬁc effect of single and doubleFig. 2. Ear morphology and vestibular function defects in hmx2/hmx3 morphant embryos
morphology of the ear with fused otoliths (asterisk) in hmx2/hmx3 morphants at the stage
semicircular canals in control embryos (I, K) andmorphants (J, L) revealed by confocal Z-proj
K, L. Arrowheads indicate the lumen of the semicircular canal. Scale bar: 25 μm. Vestibular f
embryos and morphants. The x-axis is time (dpf) and the y-axis is percentage of embryos s
semicircular canal; LSC, lateral semicircular canal; PSC, posterior semicircular canal.knockdowns was veriﬁed with 4 ng control morpholino or co-
injection of 4 ng p53 morpholino (Ekker, 2004; Pickart et al., 2004).
Co-injection of p53MO does not alter the phenotypes described below
but does lead to a more normal overall morphology of morphant
embryos; p53MOwas not co-injected in experiments to detect effects
on apoptosis. Single knockdown of either hmx2 or hmx3 show
similar weak phenotypes. When knockdown of both hmx2 and hmx3
was carried out, we consistently observed a fused otolith phenotype
(Fig. 2B, D, F) and loss of lateral line neuromasts at 3dpf (Supplemental
Table 1). Together with their overlapping expression, these observa-
tions indicated that hmx2 and hmx3 serve redundant functions during
zebraﬁsh development as shown previously in studies of their mouse
counterparts (Wang et al., 2004; Wang and Lufkin, 2005).
To understand how the fused otolith phenotype has arisen, we
examined otic vesicle development in detail in hmx2/hmx3 double
morphants. Formation of the otic vesicle appears to be normal
morphologically at 24 hpf (data not shown). Indeed, the overall
morphology of the inner ear and the semicircular canals appear to be
normal in the morphants at 3 and 5dpf, with the overall size slightly
reduced (Fig. 2H, J, L). Furthermore, there are initially two distinct
otoliths in hmx2/hmx3morphants, but these late fuse to form a single
otolith located at the position of the saccular maculae after 3dpf (Fig.
2B, D, F, H).. All images are anterior to the left. Bright ﬁeld DIC images showing normal overall
s indicated (A–H). Lateral view in panels A–F, I–L; dorsal view in panels G, H. Normal
ection of dye ﬁlled lumen. Superﬁcial focal plane in panels I, J, and deeper plane in panels
unction is expressed as motor coordination (M) and balance (N) tested for the control
cored positive for the test. Sample size (n=) is indicated. Abbreviations: ASC, anterior
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function in zebraﬁsh larvae as shown in the monolith (mnl) mutant
(Riley and Moorman, 2000; Riley et al., 1997; Whitﬁeld et al., 2002).
The fusion of the utricular otolith with the saccular otolith led us to
test vestibular function in hmx2/hmx3 double morphants using
behavior tests (Kwak et al., 2006; Nicolson et al., 1998; Riley and
Grunwald, 1996). In comparison with the stage-matched control
embryos, morphants failed both motor coordination and balance tests
(Fig. 2 M, N), indicating that vestibular function is severely impaired.
Impaired utricular maculae and subsequent fusion with posterior
maculae in hmx2/3 morphant embryos
Otolith formation is initiated and maintained by the sensory hair
cells. Tether cells are the earliest hair cells to appear at the anterior
and posterior end of the otic vesicle and they initiate the formation of
otoliths and subsequently form the sensory patches of the utricular
and saccular maculae (Haddon and Lewis, 1996). The sensory hairFig. 3. Reduced number of hair cells and progressive fusion of two maculae in hmx2/hmx3m
(A–F) Hair cells are labeledwith antibodies for S-100 (red) and acetylated-tubulin (green) at
the posterior (saccular) maculae at the medial wall in the morphants. (G–N) In situ hybridiza
in the anterior maculae (amac) and fusion with the posterior maculae (pmac). (O–R) Rh
morphants (P, R). (S) Illustration of control amac and pmac from 9 ears. (T) Illustration of fu
50 μm, (G–R) 25 μm. Abbreviations: AM, anterior maculae; PM, posterior maculae; M, macbundles can be detected by immunostaining with anti-acetylated
tubulin antibody and the cell body with anti-S100 antibody (Germana
et al., 2004). In hmx2/hmx3 double morphants, the number and
location of hair cells in the anterior region appear to be similar to
control embryos at 24 hpf, but thereafter fail to increase (Fig. 3D, J, L).
The hair cells at the anterior appeared to be closer to the posterior
maculae and eventually fused to form a single sensory patch at the
posterior location (Fig. 3A–F). This observation is conﬁrmed using Na,
K-ATPase β2b as a marker of sensory hair cells including the tether
cells (Blasiole et al., 2003) (Fig. 3G–N). The fusion of the anterior
(utricular) and posterior (saccular) maculae (Fig. 3F, N) is accompa-
nied by fusion of two otoliths in the morphants at 48 hpf (Fig. 2B).
These results show that the tether cells form normally in hmx2/hmx3
double morphants, but the number of hair cells at the utricular
maculae failed to subsequently increase.
To further conﬁrm that the single sensory patch in morphants
represents a fusion of the malformed anterior utricular and posterior
saccular maculae, we compared the morphology and number of hairorphants. Anterior to the left, dorsal view in panels A–L and lateral view in panels M–R.
the stages indicated showing progressive fusion of the anterior (utricular) maculae with
tion with Na,K-ATPase β2b probe to reveal mature hair cells, showing a reduced number
odamine–phalloidin staining of the F-actin of the hair bundles in control (O, Q) and
sed maculae in morphants from 8 ears. Arrowheads indicate hair cells. Scale bars: (A–F)
ulae fusion.
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single sensory patch in morphants (Fig. 3P, R) occupies a larger area
than single maculae of control ears (Fig. 3O, Q) (illustrated in Fig. 3S,
T), but less than the total number of hair cells in the combined
maculae of a control ear (Supplemental Table 2). Taken together,
these data suggest that the single sensory patch in double morphants
represents the remaining hair cells from the under-developed
utricular maculae fused with the saccular maculae.
hmx2 and hmx3 are involved in a feedback loop of FGF signaling and act
upstream of pax5 in the utricular maculae
FGF signaling is crucial for induction, patterning, and differentiation
during inner ear development (Maroon et al., 2002; Zelarayan et al.,
2007). The zebraﬁsh fgf3 null mutant, limb-absent (lia), has fewer hair
cells in the utricular maculae and the two otoliths are fused by 48 hpf
(Kwak et al., 2006). These defects in lia are reminiscent of the hmx2/
hmx3 morphants, and this prompted us to investigate the expression
pattern of fgf genes in the double morphant embryos. fgf3, fgf8, and
fgf10 are expressed in the anterior maculae of the otic vesicle (Fig. 4A,
C, E, G, O, Q). Compared with the control, there is a great reduction in
the expression of fgf3, fgf8, and fgf10 in hmx2/hmx3 double morphants
(Fig. 4B, D, F, H, P, R). The down-regulation is restricted to the anterior
otic vesicle, while their expression in other structures such as the
sensory cristae is unaffected (Fig. 4G, H). Down-regulation of fgf3, fgf8,
and fgf10 is not observed in either the single hmx2 or hmx3morphantFig. 4. Expression of fgf3, fgf8, fgf10, and pax5 in hmx2/hmx3morphants and of hmx2 and hm
indicated. Dorsal view at 28 hpf and lateral view at 44 hpf. Otic vesicle is highlighted with a
fgf8 ( O, Q) control, ( P, R) morphants; pax5 (I, K, M) control, (J, L, N) morphants. Dorsal view i
T,W, X) or 24 s to 44 hpf (U, V, Y, Z). hmx3 (S–V); hmx2 (W–Z). Arrowhead indicates the norm
otic vesicle; Pllp, posterior lateral line primordium; AM, anterior maculae; PM, posterior membryos (data not shown). These results show that hmx2 and hmx3 are
required to maintain the expression of fgf ligands in the anterior otic
vesicle.
Using the pharmacological inhibitor SU5402 to block FGF
receptor activation, we tested whether the down-regulation of fgfs
may underlie the failure to generate the correct number of hair cells
and subsequent fusion of the maculae. Embryos were treated from
26, 32, and 36 hpf and analyzed at 48 and 60 hpf. Compared with the
hmx2/3 morphants, SU5402-treated otic vesicles were much more
severely deformed and contained few F-actin rich hair bundles (data
not shown). We reasoned that the strong effect could be due to
blocking of all FGF signaling and its downstream effectors involved
in various aspects of otic development. The decrease in the number
of hair cells is consistent with a role of FGFs, but due to the strong
effect on otic development, it is possible that the disruption to hair
cells is secondary.
Hindbrain-derived FGF signals are required for induction and
maintenance of otic placode markers between 1- and 18-somite
stages (10.5–18 hpf), and later otic-derived FGF signals are required
for otic vesicle development (Leger and Brand, 2002). Previous studies
have shown that hmx3 expression is down-regulated or absent in the
otic vesicle when FGF signals from the hindbrain are abrogated
(Adamska et al., 2001a; Kwak et al., 2002). Furthermore, hmx3
expression is expanded while the fgf3 domain in the hindbrain is
expanded in the valentino mutant (Kwak et al., 2002). Early otic
placode expression of hmx3 is therefore dependent on FGF signaling,x3 in SU5402-treated embryos. All images are anterior to the left, and orientations are
dotted line. fgf3 ( A, C) control, (B, D) morphant; fgf10 (E, G) control, (F, H) morphants;
n panels S–Z. Embryos treated in 5% DMSOwith or without SU5402 from 14 to 21 hpf (S,
al expression, and arrow indicates reduced signals. Scale bar: 50 μm. Abbreviations: OV,
aculae; AC, anterior cristae; PC, posterior cristae.
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the later expression of hmx2 and hmx3 in the anterior otic vesicle is
also dependent on FGF signals. We investigated this possibility by
SU5402 treatment. We found that expression of hmx2 and hmx3 in
the anterior otic vesicle was absent in embryos treated with SU5402
from 14 to 21 hpf (Fig. 4T, X), whereas there was no loss of expression
in the posterior lateral line primordium (Pllp) (Fig. 4S, T, W, X). To test
the requirement of FGF signaling at stages when their expression
occurs within the otic vesicle, embryos were treated from 24 somites
(21 hpf) to 44 hpf. Expression of both hmx2 and hmx3 is abolished
completely in the otic vesicle while expression in other sites including
the lateral line is not affected (Fig. 4U, V, Y, Z). Taken together, these
results suggest a positive feedback loop inwhich FGF signaling induces
and maintains hmx2 and hmx3 expression in the anterior otic vesicle
and, in turn, hmx2 and hmx3 act redundantly tomaintain expression of
fgfs in the anterior otic vesicle.
The Pax5 transcription factor is required for the formation of the
utricular maculae, and its expression in the anterior otic vesicle is
dependent on FGF signaling (Kwak et al., 2006; Pfeffer et al., 1998).
The defect in the utricular maculae in hmx2/hmx3 double morphants
prompted us to look at the expression of pax5. We found that pax5
expression at the anterior otic vesicle is greatly reduced from 22 hpf
and becomes almost undetectable by 48 hpf in hmx2/hmx3 double
morphants (Fig. 4I–N) while expression in the hindbrain is unaffected
(data not shown). No changes in pax5 expression were detected inFig. 5. Analysis of sensory ganglion formation in hmx2/hmx3morphant embryos. Anterior is
morphant (B, D) embryos, with positions of the transverse sections (C′, D′) as indicated. T
control, and the black arrow indicates the absence of this cell population in morphants. Th
indicates hmx3-expressing cells retained at the ventral ﬂoor in morphants. (E, F) Confocal im
(blue) in the otic vesicle of wild-type embryos at 28 hpf (E) and 48 hpf (F). The green and bl
expressing cells (red) are only present in gAV at 28 hpf and gAV/VII at 48 hpf. (G–N) Triple d
hmx2/3morphant (L, N) embryos at the indicated stages. The pictures show projections of c
vesicle. (O–Q) Detection of Hu protein in control (O) and hmx2/3 morphant (P, Q) embryo
branch of the anterior lateral line ganglion; gAV/VII, ventral branch of the anterior lateral lin
Tg, trigeminal ganglion. Scale bar: 50 μm except 25 μm in panel D′.either of the singlemorphants (data not shown). These results indicate
that both hmx2 and hmx3 are required for the expression of pax5 that
controls utricular maculae hair cell development.
Hmx2/hmx3-expressing cells contribute to the antero-ventral lateral
line ganglion and facial sensory ganglion (gAV/VII)
Analysis of the dynamics of hmx2 and hmx3 expression domains
revealed a group of hmx2/hmx3-positive cells that appear to be
continuous with the expression at the ventral ﬂoor of the otic vesicle
at 28 hpf (Fig. 5A; Fig. 1D, E) and 36 hpf (Fig. 5C; Fig. 1G, H). Serial
transverse sections of the samples from 36 hpf reveal that this group
of hmx2/hmx3-expressing cells is directly underneath the ventral
ﬂoor of the otic vesicle (Fig. 5C′; Fig. 1A′–D′). Later a distinct cluster of
hmx2/3-expressing cells appeared anterior to the otic vesicle at 40 hpf
(Fig. 1J, K). A previous report identiﬁed these cells as the statoacoustic
ganglion (SAg) (Adamska et al., 2000). The statoacoustic ganglion is
derived from cells that delaminate from the ventral ﬂoor of otic
vesicle starting at 18 hpf (Haddon and Lewis, 1996). We set out to
investigate the identity of hmx2/3-expressing cells by combining
double ﬂuorescent in situ hybridization with antibody staining for
known markers. We detected smad1 that labels both the SAg and
lateral line ganglia (Mowbray et al., 2001) and used HNK1 antibody
that binds a glycoepitope of mature sensory neurons (Metcalfe et al.,
1990). We found that the cell cluster expressing hmx2/hmx3 occupiesto the left and the orientation as indicated. (A–D) hmx3 expression in control (A, C) and
he black arrowhead indicates hmx3-expressing cells anterior to the otic vesicle in the
e white arrowhead indicates the ventral ﬂoor in control embryos and the white arrow
ages of a single stack, showing expression of hmx3 (red), neuroD (green) and anti-Hu
ue lines in XY plane indicate the position of the ZX and ZY sections, respectively. hmx3-
etection of smad1 (red), hmx3 (green), and anti-HNK1 (blue) in wild-type (G–K, M) or
onfocal stacks through either the dorsal (G, I, K, L) or ventral (H, J, M, N) part of the otic
s. Dotted lines outline the structure indicated in the panel. Abbreviations: gAD, dorsal
e ganglion (gAV) fused with facial sensory ganglion (gVII); SAg, statoacoustic ganglion;
514 Y. Feng, Q. Xu / Developmental Biology 339 (2010) 507–518a position between the smad1-expressing anterior lateral line
ganglion and statoacoustic ganglion (Fig. 5I, J, M). Triple labeling
indicates that smad1 and hmx3 expression partially overlap in the
gAV, and HNK1-positive ganglion cells largely overlap with smad1-
but not hmx3-expressing cells (Fig. 5I, M). We further compared the
expression domains of hmx3 with other neuronal markers. NeuroD
expression delineates the neurogenic placode and persists in the
neuroblasts that coalesce into various ganglia including SAg, gAD, and
gAV/VII (Raible and Kruse, 2000), and anti-Hu antibody marks the
mature neurons of craniofacial ganglia. Triple labeling revealed that
hmx3 and NeuroD are co-expressed in the cells adjacent to the
anterior otic vesicle at 28 hpf (Fig. 5E), and at 48 hpf hmx3 is co-
expressed with both Hu and NeuroD in this domain (Fig. 5F). This cell
population has been identiﬁed as the antero-ventral lateral line
ganglia (gAV) fused with the facial sensory ganglion (gVII) (gAV/VII)Fig. 6. Lateral line development and cell proliferation in hmx2/hmx3morphant embryos. All
M, N). DASPEI staining of 3dpf embryos in control (A) and morphant embryos (B, B′) showin
control and (D) morphant expression of hmx3 at 24 hpf, (E) control and (F) morphant expre
(brown) and hmx3 (blue); (I–L) BrdU incorporation, (I, J) control and (K, L) morphant poste
labeling of hmx3 (blue) with anti-PH3 (brown) at 15 somites in control (M) and morphants (
(highlighted with dotted line); (O, P) anti-PH3 (red) labeling of proliferating cells in the otic
Dotted line outlines the anterior maculae (AM) region in both panels. Scale bar: 50 μm. (Q) Q
and N. Numbers of PH3-positive cells are 6.67±1.20 in control OV; 4.28±0.88 in hmx2/hm
Quantiﬁcation of PH3-positive cells in the OV and AM, respectively, in control and morphan
quantiﬁed. Number of PH3-positive cells are 45.2±2.18 in control OV, 26.2±3.87 in morp
indicated. Student test (t) is used to compare the control and morphant samples in Excel a
anterior maculae; OV, otic vesicle; s, somite.(Raible and Kruse, 2000). We found no co-localization of hmx3 with
NeuroD or Hu in SAg at these stages (Fig. 5E, F). These data suggest
that hmx2/3-expressing cells contribute to gAV/VII.
In hmx2/3 double morphants, the hmx2/hmx3-expressing cells
anterior to the otic vesicle are missing (Fig. 5B, D, L, N), and we
observed an increased amount of hmx3 transcripts at the ventral ﬂoor
(Fig. 5B, D) and a lower number of hmx3-expressing cells underneath
the ventral otic region compared with stage-matched control
embryos (Fig. 5C′, D′). In double morphant embryos in which the
hmx2/hmx3-expressing cells are absent, the smad1-labeled gAV/VII
and SAg appear to be misshaped and closer (Fig. 5M, N), whereas
smad1 expression in the antero-dorsal lateral line ganglion (gAD)
appears to be unchanged (Fig. 5K, L). Hu staining reveals the mature
sensory domains in a stable and clearly deﬁned shape at 48 hpf (Fig.
5O), whereas in hmx2/3morphant embryos, gAV/VII and SAg appearimages are anterior to the left in lateral view (A, B, B′, G, H, I–L, O, P) or dorsal view (C–F,
g reduced number of neuromasts (yellow arrowheads) in hmx2/hmx3morphants; (C)
ssion of eya1 at 24 hpf; (G) control and (H) morphant embryos stained with anti-HNK1
rior lateral line primordium labeled with hmx3 (red) and BrdU (green); (M, N) double
N), showing reduced number of anti-PH3-positive cells in the hmx3 expression domain
vesicle (OV) of control (O) and morphant embryo (P), in CldnB:lynGFP transgenic line.
uantiﬁcation of PH3-positive cells in hmx3 expression domain represented in panels M
x3 morphant OV; 5.6±1.0 in control Pllp and 1.0±0.82 in morphant Pllp at 15 s. (R)
t embryos. The number of proliferating cells was counted from the confocal stacks and
hant OV; 9.56±0.41 in control AM, 4.08±0.53 in morphant AM. Sample size (n=) is
nd error bars represent the standard deviation in each sample set. Abbreviation: AM,
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fused with gAV/VII (Fig. 5P, Q). Thus, loss of hmx2 and hmx3 function
leads to a defect in gAV/VII and SAg.
hmx2 and hmx3 function is essential for the formation of lateral line
sensory neuromasts
Like the inner ear, the lateral line neuromasts are placode-derived
structures that have a stereotypic number and distribution (Dambly-
Chaudiere et al., 2003). hmx2 and hmx3 are expressed from the early
placode stage, and their expression is maintained throughout the
development of the lateral line (Supplemental Fig. 2 and data not
shown). The mechanosensory neuromasts are readily visualized by
staining for endogenous alkaline phosphatase activity of the support
cells or by live staining with the ﬂuorescent dye DASPEI to detect hair
cells (Whitﬁeld et al., 1996). In wild-type embryos, the posterior
lateral line forms 6–7 neuromasts at 3dpf that are distributed along
the trunk at regular intervals (Fig. 6A). Knockdown of either hmx2 or
hmx3 results in a decreased numbers of neuromasts, typically 3 or 4
(Supplemental Table 1). Knockdown of both hmx2 and hmx3 leads to
a greater reduction and loss of the posterior lateral line neuromasts
(Fig. 6B, B′, 1), indicating a redundant function of hmx2/hmx3 in
lateral line formation.
To further understand the impaired formation of the lateral line in
hmx2/hmx3 double morphants, we examined the formation of the
posterior lateral line primordium and ganglion. Using hmx3 as a
marker, only a small group of cells is present in the residual
primordium in the majority of the hmx2/hmx3 double morphants
(Fig. 6D). This observation is conﬁrmed by using an independent
marker, eya1, a transcriptional co-factor involved in lateral line
formation (Sahly et al., 1999) (Fig. 6E, F). In contrast, the posterior
lateral line ganglion, which also expresses eya1, appears to be normal
(Fig. 6E, F). This result is veriﬁed by double labeling for hmx3
expression and HNK1 (Fig. 6G, H). Thus, hmx2 and hmx3 are both
required for the formation of the lateral line primordium and their
function is dispensable for the ganglion.
Next we asked whether disruption of cell proliferation or cell
survival might play a role in the morphant phenotype. Using anti-
cleaved caspase 3 antibody to detect apoptotic cells, we did notFig. 7. Mosaic expression of Hmx partially rescues the phenotype in posterior lateral line o
labeled with the membrane GFP in CldnB::lynGFP transgenic embryo. (A) Normal control pri
injection of Hmx2 and H2BRFP RNAs (red) in hmx2/hmx3 morphant embryos. (B, C) Abno
primordium following Hmx2 and H2BRFP injection in morphants. (F) Summary of the n
endogenous alkaline phosphatase activity at 3dpf and number of neuromasts in each embry
lateral line primordium; PLL NM, posterior lateral line neuromast.observe any increase in apoptosis in the otic placode, otic vesicle, and
lateral line primordium in hmx2/hmx3 double morphant embryos
(data not shown). These data suggest that cell death does not
contribute to the fusion of two maculae and the reduction in the
number of hair cells and the primordium. Cell proliferation was
analyzed using anti-phospho-histone 3 (anti-PH3) and BrdU incor-
poration to detect mitotic cells. The major proliferation phase during
the formation of the posterior lateral line primordium is between 6
and 8 hpf (Laguerre et al., 2005). BrdU incorporation experiments
performed during this period revealed very few if any BrdU-labeled
cells in the residual primordium of hmx2/hmx3 double morphants
(Fig. 6K, L) compared with the control (Fig. 6I, J). Both methods
showed a decrease in cell proliferation in the lateral line primordium
as well as the otic placode in double morphants (Fig. 6I–N, Q). A
reduction in cell proliferation was also observed in hmx2/3morphant
otic vesicles at 36 and 40 hpf. The reduction is also seen in the region
of anterior maculae and the decrease appears to be similar at the
stages investigated (Fig. 6O–R). These results suggest hmx2/3
function is required for cell proliferation in the otic vesicle and
posterior lateral line primordium and is involved in generating the
correct number of hair cells in anterior maculae.
Rescue of the double morphant phenotypes with either hmx2 or hmx3
and cell autonomous effect of hmx2 and hmx3
We further tested the redundant function of hmx2 or hmx3 by
performing rescue experiments. Capped hmx2 or hmx3 RNA was
injected into one cell of 16- to 32-cell stage embryos previously
injected with both hmx2 and hmx3 morpholinos at the 1-cell stage.
The posterior lateral line primordiumwas visualized using the CldnB::
lynGFP transgenic line (Haas and Gilmour, 2006), and H2BRFP mRNA
was co-injected as a tracer to identify the progeny of the single
injected cells. Injecting H2BRFP mRNA alone did not perturb normal
primordium formation (Fig. 7A). In embryos injected with hmx2/
hmx3 morpholinos and either hmx2 or hmx3 RNA, the primordium
formed normally when composed largely of cells with H2BRFP tracer
(Fig. 7D, E; n=8). In morphant embryos with few or no H2BRFP-
positive cells, the primordium appears to be small and deformed (Fig.
7B, C). These data demonstrate that either Hmx2 or Hmx3 can rescuef hmx2/hmx3 morphants. Anterior to the left. The posterior lateral line primordium is
mordium injected with H2BRFP RNA (red) at 24 hpf. (B–E) Rescue experiment with co-
rmal primordium of morphants without Hmx2 and H2BRFP injection. (D, E) Rescued
umber of neuromasts formed in each injection group. Embryos were stained for the
o counted. Sample size (n) is indicated. Scale bar: 50 μm. Abbreviations: Pllp, posterior
516 Y. Feng, Q. Xu / Developmental Biology 339 (2010) 507–518the effect of hmx2/hmx3 double knockdowns. This observation was
conﬁrmed by AP staining revealing the distribution of neuromasts
(Fig. 7F). We found that the double morphants expressing H2BRFP
alone formed fewer than 2 neuromasts in the posterior lateral line
(n=29/32), similar to the effect of morpholino injection alone
(n=49/50). Injection of hmx2 RNA resulted in a rescue in which the
morphant embryos formed more than 2 neuromasts (n=36/57). The
limited amount of rescue is likely to be due to the mosaic injection,
which was required since widespread overexpression of hmx2 or
hmx3 mRNA leads to early defects. These results indicate that the
lateral line defects in the double morphant embryos are speciﬁc to the
loss of hmx2 and hmx3 function and that their activity is required
redundantly.
To determine whether hmx2 and hmx3 function in a cell
autonomous fashion, we performed cell transplantation experiments.
Donor embryos were injected at the 1-cell stage with the lineage
tracer LFD with or without hmx2/hmx3 morpholinos; host embryos
were either wild-type (wt) or hmx2/hmx3 double morphants. About
20 to 30 cells were transplanted at 4 hpf, targeting the prospective otic
and lateral line domain (Whitﬁeld et al., 2002). In morphant embryos
transplanted with wild-type cells, formation of a normal lateral line
primordium correlatedwith the presence of wild-type cells (Fig. 8A, B,
C; n=9). In these cases, we also observed that LFD-labeled wild-type
cells appear to delaminate normally from the morphant otic vesicle
(Fig. 8D, E), indicating that the morphant environment retains the
ability to direct hmx2/hmx3-expressing cells in their normal devel-
opment. In converse experiments where the double morphant cells
were transplanted into wild-type embryos, we found that the
posterior lateral line primordium is smaller or even failed to form
when there are signiﬁcant numbers of LFD-labeled double morphant
cells in the prospective region (Fig. 8F, G; n=12). Furthermore,
hmx2/hmx3 morphant cells appeared not to emigrate from the otic
vesicle in wild-type host embryos (Fig. 8H–J). Together these results
demonstrate that hmx2 and hmx3 act cell autonomously both in otic
and lateral line development.
Discussion
Hmx genes belong to the NKX homeobox transcription factor
family that have highly conserved protein structure and functions
(Wang et al., 2004). In mouse, hmx2 and hmx3 are essential for ear
morphogenesis and speciﬁcation of vestibular inner ear hair cells and
support cells (Hadrys et al., 1998;Wang et al., 2004;Wang and Lufkin,
2005; Wang et al., 1998). Previous reports have shown hmx gene
expression in the mechanosensory organs in zebraﬁsh and medakaFig. 8. Cell autonomous effect of Hmx2 and Hmx3 function. Anterior to the left and dorsal vie
type cells transplanted into hmx2/hmx3morphant embryos. Arrowheads indicate wild-type
(F–J) Morphant cells transplanted into wild-type embryos. Arrows indicate morphant dono
development in the control side. Scale bar: 50 μm. Abbreviations: OV, otic vesicle; Pllg, pos(Adamska et al., 2000; Adamska et al., 2001b), but their function in
teleosts has not been deﬁned. We show that Hmx2 and Hmx3 have
highly conserved functions in the regulation of cell fate speciﬁcation,
cell proliferation, and differentiation in the zebraﬁsh inner ear and
lateral line sensory organ primordia. We ﬁnd that the effects of hmx2
and hmx3 knockdown can be partially rescued by mosaic injection of
RNA encoding either Hmx2 or Hmx3, indicating that they have a
redundant function. We demonstrate that they function in a cell
autonomous fashion and act by regulating the expression of FGFs and
pax5. Since FGF signaling is required for expression of hmx2/hmx3,
our studies reveal a novel feedback mechanism between hmx2 and
hmx3 and fgfs in the anterior maculae.
Hmx2 and Hmx3 are important for development of vestibular function in
zebraﬁsh embryos
The vertebrate inner ear comprises a series of sensory patches,
each with distinct functions (Barald and Kelley, 2004; Fekete and Wu,
2002; Riley, 2003; Whitﬁeld et al., 2002). In the zebraﬁsh inner ear,
two early sensory patches, the utricular and saccular maculae,
primarily mediate vestibular and auditory function (Popper and Fay,
1993; Riley, 2003; Whitﬁeld et al., 2002). We ﬁnd that in hmx2/hmx3
morphants, the otoliths are fused at the position of the saccular
maculae. The morphants displayed impaired vestibular function and
failed in both balance and motor coordination tests, resembling those
described for monolith mutants (mnl) (Herzog et al., 2004; Riley and
Moorman, 2000; Riley et al., 1997). However, themnlmutant shows a
severe and permanent loss of vestibular function due to lack of the
utricular otolith (Riley and Moorman, 2000; Riley et al., 1997). It is
intriguing that the utricular otolith is present but not functional,
probably due to the fusion with the saccular otolith in hmx2/hmx3
double morphants. It is also possible that the reduced number of hair
cells in the utricular maculae may contribute to the defects in
vestibular function.
Formation of the otolith is initiated by the cilia of tether cells
beating from opposite poles of the otic vesicle to generate ﬂuid
vortices that attract the precursor particles, thereby biasing an
otherwise random distribution and seeding otolith assembly (Colan-
tonio et al., 2009). The ﬁnding that the two otoliths are formed
initially in hmx2/hmx3 morphants suggests that the formation and
function of the tether cells are normal. Our data strongly argue against
the possibility that cell death may have contributed to the fusion,
which is most likely to be a secondary effect of the deﬁciency of the
later forming sensory hair cells. A recent report demonstrated that the
formation of the tether cells and speciﬁcation of the later forming hairw. Donor cells are labeled in red and hmx3 expression in blue. (A–E) Examples of wild-
cells in morphant backgrounds. Arrows indicated affected tissue in morphant embryos.
r cells in defective lateral line primordium or otic vesicle. Arrowheads indicate normal
terior lateral line ganglion; Pllp, posterior lateral primordium; WT, wild type.
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atoh1b and atoh1a, respectively (Millimaki et al., 2007). Interestingly,
blocking of atoh1a expression leads to the loss of both later forming
maculae hair cells and lateral line neuromast in a manner similar to
the hmx2/hmx3 morphant phenotype.
In mouse, hmx2 and hmx3 are expressed in the dorsal otic vesicle
that gives rise to the vestibular apparatus, including the maculae and
semicircular canals (Wang et al., 2004). Loss of hmx3 leads to the
reduction of sensory hair cells while loss of hmx2 results in reduced
cell proliferation in a broader region and lack of semicircular canals. In
null mutants for both hmx2 and hmx3 genes, the entire vestibular
system is lost due to lack of the membranous labyrinth, progressive
hair cell death, and degeneration. Thus, in mouse, Hmx2 and Hmx3
have both overlapping and distinct functions in formation of the
vestibular apparatus. However, in zebraﬁsh, Hmx2 and Hmx3 act
redundantly during the formation of utricular maculae. Unlike the
mouse, the semicircular canals are intact in zebraﬁsh embryos when
both Hmx2 and Hmx3 function are depleted. This could be explained
by the overlapping expression of hmx2/hmx3 and SOHo/hmx1 in the
developing semicircular canals in zebraﬁsh.
Role of hmx2 and hmx3 in the formation of lateral line ganglia
In the posterior lateral line, hmx2 and hmx3 are expressed in the
placode that gives rise to both the ganglion and primordium, but only
the primordium is affected when both genes are depleted. Since SOHo
and hmx1 are expressed in the posterior lateral line ganglion but not
in the primordium, their expression may compensate for the loss of
hmx2 and hmx3. In the anterior lateral line, the primordium and
ganglia are derived from separate placodes, and the ganglia are
divided into dorsal (gAD) and ventral (gAV) branches, with the gAV
fused with the facial ganglion (gVII) to form gAV/VII (Raible and
Kruse, 2000). hmx2 and hmx3 are expressed in the anterior lateral line
primordium and the group of cells adjacent to the anterior otic vesicle.
The latter group of hmx2/hmx3-expressing cells coincides with
NeuroD and partially overlaps with the smad1-expressing gAV/VII,
suggesting that they represent a progenitor pool that gives rise to
gAV/VII. The observation that the hmx2/3-expressing cells extend
directly underneath the ventral ﬂoor of the otic vesicle raises the
possibility that these cells are derived from the otic vesicle, but
alternatively could be derived from a distinct source. We have
observed that gAV/VII is slightly misshaped and sometimes smaller
but is largely normal in most hmx2/3 morphant embryos. One
potential explanation is that the function of hmx2 and hmx3 is
redundant in this tissue. Alternatively, gAV/VII could consist of cells
from multiple origins that compensate for loss of hmx2/3-expressing
progenitors. Lineage tracing experiments are needed to deﬁne the
origin of gAV/VII and the derivatives of hmx2/3-expressing cells.
Expression of hmx2 and hmx3 begins at the otic placode stage and
is restricted to the anterior part of the placode. It is likely that they are
expressed in the precursor cells that give rise to the SAg. The
observation that the SAg domain is expanded in hmx2/3 morphant
embryos suggests that the cells retained in the ventral ﬂoor of the
morphant otic vesicle could later differentiate to form the part of
expanded SAg.
Tissue-speciﬁc feedback regulation of fgf, hmx and pax5 genes
The zebraﬁsh fgf3 null mutant, limb-absent (lia) has a very similar
phenotype in the inner ear as for hmx2/hmx3 morphants described
here, with greatly decreased pax5 expression in the anterior otic
vesicle. These observations suggest that Hmx2 and Hmx3 could be in
the same regulatory pathway as fgf3 and act upstream of pax5 during
utricular maculae development. This notion is supported by the
ﬁnding that in the zebraﬁsh valentino (val) mutant, fgf3 expression
domain is expanded in the hindbrain, which results in the expandedexpression domain of both hmx3 and pax5 along the anterior–
posterior axis of the otic vesicle (Kwak et al., 2002). Furthermore, fgf3
knockdown can reverse this phenotype of val mutants and leads to
loss of both hmx3 and pax5 expression (Kwak et al., 2002). Taken
together, these results indicate that pax5 expression is regulated by
hmx2/hmx3 and requires FGF signaling.
It is unlikely that pax5 is the sole target of hmx2/hmx3 action.
Zebraﬁsh embryos with knockdown of pax5 form utricular hair cells
normally, but the hair cells gradually degenerate (Kwak et al., 2006).
In contrast to the loss of hair cells by apoptosis in pax5 morphants,
hmx2/hmx3 morphants fail to produce the appropriate number of
hair cells due to a decrease in cell proliferation. Since mosaic
expression of RNA encoding Pax5 fails to rescue the defects in
hmx2/hmx3 morphants (data not shown), it is likely that Hmx2/
Hmx3 regulate multiple downstream target genes including pax5
during the formation of utricular maculae hair cells.
FGF signaling is involved in induction of the otic placode, the
formation and morphogenesis of otic vesicle, and differentiation
within the otic sensory epithelia (Leger and Brand, 2002; Liu et al.,
2003; Maroon et al., 2002; Zelarayan et al., 2007). In zebraﬁsh, the
initial source of FGF signals is the hindbrain that induces and
maintains the otic placode, and later the otic-derived FGF signals
are involved in otic vesicle patterning. A variety of genes including
hmx2 and hmx3 are induced and maintained by FGFs at the placode
stage as well as the otic vesicle stage.
It is intriguing that the expression of fgf3, 8 and 10 in the anterior
otic vesicle is maintained by hmx2 and hmx3 activity since hmx2/
hmx3 double morphant embryos exhibit greatly reduced expression
of these fgf genes. Our ﬁndings suggest that Hmx2 and Hmx3 are key
components of a feedback loop mediating two discrete steps of FGF
signaling during development of the utricular maculae sensory
epithelium. First, the induction of hmx2/hmx3 expression in the
anterior otic vesicle requires FGF signals emitted from the hindbrain
(Leger and Brand, 2002; Phillips et al., 2001). Subsequently, hmx2/
hmx3maintains localized fgf expression required for proper develop-
ment of the anterior otic vesicle. Furthermore, the hmx2/hmx3 and
FGF feedback loop acts upstream of pax5, which is required for further
development of the utricular maculae sensory hair cells.
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